Recent findings suggest bidirectional antagonisms between the K65R mutation and thymidine analogue mutations in human immunodeficiency virus type 1 (HIV-1)-infected, treatment-experienced patients, yet little is known about HIV-2 in this regard. This study addressed the effects of innate polymorphisms in HIV-2 on emergent resistance to nucleoside/nucleotide analogues. Emergent drug resistance profiles in HIV-2 subtypes A (n ‫؍‬ 3) and B (n ‫؍‬ 1) were compared to those of HIV-1 subtypes B and C. Drug resistance was evaluated with cord blood mononuclear cells (CBMCs) and MT2 cells, using selective pressure with tenofovir (TFV), zidovudine (ZDV), stavudine (d4T), didanosine (ddI), abacavir (ABC), lamivudine (3TC), emtricitabine (FTC), or various dual-drug combinations. Resistance was evaluated using conventional and ultrasensitive sequencing approaches. In agreement with our previous findings, dual-drug combinations of TFV, ddI, ABC, d4T, ZDV, and 3TC preferentially selected for K65R in HIV-1 subtype C isolates. In HIV-1 subtype B, TFV-3TC and ZDV-3TC selected for M184I and D67N, respectively. In contrast, selections with all four HIV-2 cultures favored the development of M184I in dual-drug combinations that included either 3TC or FTC. Since HIV-2 cultures did not develop K65R, an ultrasensitive allele-specific real-time PCR assay was developed to distinguish the presence of 65R from wild-type K65 after 16 cycles with a discriminatory ability of 0.1% against a population of wild-type virus. These results underscore potential differences in emergent drug resistance pathways in HIV-1 and HIV-2 and show that polymorphisms may influence the development of the resistance pathways that are likely to emerge.
Persons infected with human immunodeficiency virus type 2 (HIV-2) usually exhibit slower disease progression, lower rates of vertical transmission, and lower viral loads than patients infected with HIV-1 and are often asymptomatic (10, 33, 47) . This has resulted in a more-restricted spread of HIV-2 than HIV-1, mainly to parts of west Africa (25) . The reverse transcriptases (RT) of HIV-1 and HIV-2 possess approximately 40% divergence in amino acid sequences (19) .
Patients infected with either HIV-1 or HIV-2 are routinely treated with nucleoside and nucleotide RT inhibitors (NRTIs) (1) , even though all those drugs were developed for use against HIV-1, and little information on their activity against HIV-2 is available. Although multiple studies have reported the selection of mutations associated with resistance to NRTIs in HIV-1, few studies have been performed on patients infected with HIV-2 (8, 9, 11) . Furthermore, no database or algorithm exists for the interpretation of mutations selected during the treatment of HIV-2 disease. Although it is known that HIV-2 shows natural resistance to nonnucleoside RT inhibitors (NNRTIs) and the fusion inhibitor T-20 (42, 51, 53) , information on HIV-2 resistance to NRTIs is lacking. Despite the overall sensitivity of HIV-2 to NRTIs, some articles have suggested that HIV-2 may be naturally resistant to certain NRTIs such as zidovudine (ZDV) (41) . However, a recent study claimed that HIV-1 and HIV-2 display comparable sensitivities to ZDV and other NRTIs in vitro (48) .
Recent findings suggest bidirectional antagonisms between K65R and thymidine analogue mutations (TAMs) in treatment-experienced patients with HIV-1 (37) (38) (39) . Our own studies have shown a facilitated development of K65R in HIV-1 subtype C, due to a signature KKK motif at codons 64, 65, and 66 (5) . This present study addressed the effects of innate polymorphisms (T69N, V75I, V118I, L210N, T215S, and K219E) on emergent resistance to NRTIs in HIV-1 and HIV-2 subtypes using cord blood mononuclear cells (CBMCs) and the MT2 cell line. We also developed an ultrasensitive allele-specific real-time PCR (AS-PCR) assay to detect the possible presence of the K65R mutation in HIV-2 cultures that did not contain this mutation on the basis of regular genotyping. isolated from symptomatic patients from The Gambia and have been previously described (46) , while MVP-15132 was from a German woman who had been infected by a Senegalese man (14) . CDC310319 was from a blood donor from the Ivory Coast (35) . The HIV-1 subtype B clinical isolate 5512 was obtained with informed consent from a drug-naïve individual at our clinics in Montreal, Canada, while BG-05, an HIV-1 subtype C clinical isolate, was obtained from Botswana; both have previously been described (12, 30) . MT2 cell lines were also obtained from the NIH AIDS Research and Reference Reagent Program. CBMCs were obtained through the Department of Obstetrics, Jewish General Hospital, Montreal, Canada. We obtained the HIV-2 ROD plasmid courtesy of Andrew Lever, Cambridge University, United Kingdom, with the permission of Tom Schulz, University of Hannover, Germany.
Drugs. We received lamivudine (3TC) and abacavir (ABC) as gifts from GlaxoSmithKline (Research Triangle Park, NC); ZDV, didanosine (ddI), and stavudine (d4T) were obtained from Sigma-Aldrich, Inc. (Oakville, Ontario, Canada); and tenofovir (TFV) and emtricitabine (FTC) were obtained from Gilead Pharmaceuticals (Foster City, CA).
Virus production. Viral strains were amplified as described by the coculture of peripheral BMCs from infected patients with uninfected CBMCs (26, 44) . The HIV-2 isolates were amplified in CBMCs according to specifications provided by the NIH (2). The pol regions of the isolates were sequenced as described below.
Selections for resistance mutations in CBMCs and MT2 cells. CBMCs or MT2 cells were infected with viruses (multiplicity of infection of 0.01) for 2 h at 37°C and subsequently washed with RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum to eliminate any unbound virus. Infected CBMCs or MT2 cells were seeded in 24-well plates at a density of 2.5 ϫ 10 5 per well (16) . Selection for resistance in CBMCs or MT2 cells was performed by a standard procedure using increasing concentrations of drugs (TFV, ZDV, d4T, ddI, ABC and 3TC), which were used either as single agents or in combination at starting concentrations below the 50% inhibitory concentration levels of the drugs. Based on RT values in culture fluids at the previous round of replication as a measure of viral replication (31, 40) , drug concentrations were increased to levels ranging between 0.25 and 10 M. At each passage, the culture fluids were harvested and kept at Ϫ80°C for a subsequent genetic analysis by sequencing.
Selection at a particular drug concentration was defined as complete when a repeated passage revealed that the levels of RT activity in culture fluids had peaked at the same time as that of a control well that did not contain drugs.
Nucleic acid extraction and PCR amplification. Viral RNA was extracted from culture supernatants using the Qiagen QIAamp viral extraction kit (Mississauga, Ontario, Canada). For the amplification of HIV-2 genetic information, the RNA in culture supernatants was reverse transcribed and the protease (PR) and RT genes amplified by PCR using specific primer pairs, i.e., RT2-reverse and PR1-forward and nested PR3-forward and RT4-reverse (13, 43) . The PR and RT genomic regions of the HIV-2 pol gene were amplified from these same PCR products, which were analyzed in 1% agarose gels with ethidium bromide. The resulting PCR-amplified DNA fragments were purified using the QIAquick PCR purification kit. The PCR products were used as templates for the nucleotide sequencing analysis of the RT gene. The amplification of HIV-1 was performed using a previously published protocol (Virco BVBA, Mechelen, Belgium). Oligonucleotides were chemically synthesized and purchased from Invitrogen (Burlington, Ontario, Canada).
DNA sequencing analysis. The RT genes of the HIV-2 samples were directly sequenced to analyze for NRTI-associated mutations using primer pairs RT3, RT4, RT5, and RT6 (43) . The cycle sequencing of both strands was performed on the GeneAmp PCR 9700 instrument with the BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA). Excess dye-labeled terminators were removed from the extension products, and the purified products were sequenced on the ABI Prism 3130 XL genetic analyzer (Applied Biosystems). The nucleotide sequences of the RT genes were then assembled using GeneTool 2.0 autoassembler software. The nucleotides were aligned and assessed in terms of amino acid differences using BioEdit version 7.0 software (20) (reference to HIV-2 ROD [Genbank accession number M15390]). Differences in amino acids at sites conferring resistance to NRTIs were then analyzed. The HIV-1 samples were sequenced in both directions using a previously published protocol (Virco) according to the manufacturer's instructions (18, 28) . The sequence for each sample was compared to databases of known drug resistance mutations.
Plasmid and primers for site-directed mutagenesis. We introduced the K65R mutation into the HIV-2 ROD plasmid by site-directed mutagenesis by the use of a QuikChange II XL site-directed mutagenesis kit (Stratagene, LaJolla, CA). The introduction of the K65R mutation into the plasmid was confirmed by sequencing and ultimately transformed into DH5␣ (Invitrogen) for high-yield plasmid production. The following primer pairs were used, in accordance with the manufacturer's instructions: HIV-2 ROD (65R) (forward), 5Ј-CCACATT TGCAATCAAGAGAAAGGACAAAAACAAATGGAG-3Ј, and HIV-2 ROD (65R) (reverse), 5Ј-CTCCATTTGTTTTTGTCCTTTCTCTTGATTGCAAA TGTGG-3Ј.
Allele-specific PCR assay to detect the K65R mutation. Since we did not select for the K65R mutation in HIV-2 isolates using NRTIs such as ABC, TFV, and ddI which are associated with this mutation, we designed a novel ultrasensitive AS-PCR assay to determine if the K65R mutation may have been present as a minority species.
The supplemental material includes details of the AS-PCR assay for the detection of the K65R mutation in HIV-2 as well as information related to the discriminatory ability of the assay.
Our novel K65R AS-PCR assay utilized SYTO9 (Molecular Probes, OR), an intercalating dye, and 3Ј lock nucleic acid (LNA)-specific primers. The real-time PCRs were performed using 2 l of the PCR products and three primer pairs that were specific for the K65R mutation, wild-type K65, and the total virus population, i.e., K65R plus the wild type, respectively. The primer sets used were 65R -fw (5Ј-CCC TAC ATT TGC AAT CAA GAϩG-3Ј) and 65R -rev (5Ј-TGG AAT TCC TAG CTG AAT TTC TGT-3Ј) for the mutation-specific reaction; WT -fw (5Ј-CCC TAC ATT TGC AAT CAA GAϩA-3Ј) and WT -rev (5Ј-TGG AAT TCC TAG CTG AAT TTC TGT-3Ј) for the wild-type-specific reaction; and TOT -fw (5Ј-CCC TAC ATT TGC AAT CAA GA-3Ј) and TOT -rev (5Ј-TGG AAT TCC TAG CTG AAT TTC TGT-3Ј) for the total copy reaction, where "ϩ" represents a LNA. Of note, all reverse primers were the same and all changes were mainly implemented on the forward primer.
Real-time PCRs were enacted for 45 cycles of melting at 94°C for 15 s, annealing at 58°C for 10 s, and extension at 72°C for 30 s. This was followed by two holds, the first at 72°C for 1 min and another at 50°C for 30 s.
For the quantification of various viral populations, DNA standards were prepared and run in parallel with each reaction. The standards were tested in duplicate for each experiment and were prepared in a serial dilution from 10 9 to 10 3 copies per reaction. The viral PCR products were tested at concentrations of 10 7 copies/l. The specificity of the detection of the amplified product was checked using the analysis of the melting curve for each reaction. In this study, we used high resolution melt (HRM) analysis, an enhancement to traditional melting analysis that significantly increases the detail and information that can be captured. HRM is a simpler and more cost-effective way to characterize DNA samples according to sequence, GC content, length, or strand complementarity than probes, since it allows for single nucleotide polymorphism genotyping and the genotyping of all single nucleotide polymorphism conversions. The Rotor-Gene 6000 real-time rotary analyzer (Corbett Research, Sydney, Australia) utilized in this study is one of only a few instruments that can carry out this analysis.
The discriminatory ability or limit of detection of our assay was tested by adding 10 6 copies of wild-type plasmid onto equal volumes of serial dilutions of samples of K65R-containing plasmid (10 6 to 10 2 ). Replicative ability of HIV-2 and HIV-1. The replicative abilities of HIV-1 and HIV-2 wild-type isolates were determined as previously described (34) . Briefly, wild-type viruses were used to infect CBMCs for 2 h. Infected CBMCs were plated onto 96-well plates containing medium supplemented with interleukin-2. After 3 days of incubation, the cells were refed with fresh medium containing interleukin-2. At day 7, RT assays were performed to determine growth rates (6) . In addition, p24 antigen levels were measured in these cultures using the Vironostika HIV-1 Antigen MicroELISA kit (Biomerieux bv, Boxtel, The Netherlands).
Nucleotide sequence accession numbers. The sequences obtained in this study have been deposited in GenBank under the following accession numbers: 5512 (EU927298), BG-05 (EU927299), CBL-20 (EU927300), CBL-23 (EU927301), MVP-15132 (EU927302), and CDC310319 (EU927303).
RESULTS
Phylogenetic analysis. After sequencing, the subtype status of HIV-1 and HIV-2 isolates was confirmed by aligning and comparing with the RT regions of various reference strains representing HIV-1 and HIV-2 subtypes, obtained from the Los Alamos database (http://www.hiv.lanl.gov), using BioEdit version 7.0 (20); phylogenetic trees were constructed with MEGA version 3.0 software (27) Natural polymorphisms in HIV-1/HIV-2 RT. At baseline, the HIV-1 subtype B clinical isolate 5512 and subtype C isolate BG05 had no major mutations associated with resistance to NRTIs. However, isolate 5512 harbored polymorphisms at positions K122E, I135V, S162C, and D177N, while BG05 harbored V35T, T39E, S48T, K122E, D123G, K173V, D177E, T200A, Q207E, R211K, V245K, and E248D. All of the above are minor polymorphisms not associated with HIV-1 resistance (Fig. 1) .
The HIV-2 isolates used in this study showed natural polymorphisms at sites known to be associated with HIV-1 resistance to NRTIs (Fig. 1) . These polymorphisms included T69N, V75I, V118I, L210N, T215S, and K219E, which are known to be associated with HIV-1 resistance to NRTIs, and also V90I (3/4), K101A, K103R (1/4), V106I, V179I, Y181I, Y188L, and G190A, which are known to be associated with HIV-1 resistance to NNRTIs. Of particular interest are polymorphisms at positions 210, 215, and 219 known to be associated with HIV-1 TAMs that are associated with cross-resistance to all currently approved NRTIs (24, 29) . Viral replication. It is known that HIV-2 replicates less well than HIV-1. The results of Fig. 2 show differences in the RT activities per 4 ϫ 10 6 cells per round of infection for HIV-1 and HIV-2 isolates. The RT activities of the HIV-2 isolates were lower than those of HIV-1, in conformity with published data.
Time to the development of resistance mutations in HIV-1/ HIV-2 in CBMCs. Using single-drug selections, K65R was selected using TFV and ddI in HIV-1 subtype C, while M184V was selected with 3TC as shown in Table 1 . M184V appeared within 6 weeks in most HIV-1 and HIV-2 isolates. Some HIV-2 isolates developed novel mutational motifs, such as S134A, V167I, and A174V, under TFV selective pressure. The HIV-2 isolate MVP-15132 that developed the S134A and V167I mutations under TFV pressure showed cross-resistance to TFV, 3TC, ddI, and ABC and high-level resistance to ZDV (data not shown).
The HIV-1 subtype C virus BG-05 followed two different mutational pathways under ABC selective pressure, i.e., either the K65R or the L74V/M184V pathway. The K65R mutation was not selected in either the HIV-2 or HIV-1 subtype B isolates under selective pressure with either ABC, TFV, ddI, or d4T or any combination thereof, all of which are known to select K65R in HIV-1 subtype C (Table 1 and 2) .
In agreement with our previous findings, dual-drug combinations of TFV, ddI, ABC, d4T, ZDV, and 3TC preferentially selected for the K65R mutation in HIV-1 subtype C isolates within 22 weeks, including the drug combination ZDV-3TC (Table 2 ). In HIV-1 subtype B, TFV-3TC favored the selection of the M184I pathway, while ZDV-3TC selected for TAMs, mostly D67N (Table 2 ). In contrast, selections with all dual- In this study, we examined this same motif in HIV-2 and observed that all our HIV-2 subtype A isolates had the same a Viral isolates were serially passaged using increasing doses of ABC, d4T, ddI, TFV, ZDV, or 3TC. Genotypic analysis ascertained the time to the first appearance of resistance-associated mutations. At baseline, all wild-type HIV-2 isolates harbored the following polymorphisms known to be associated with emergent resistance to RT inhibitors in HIV-1: for NRTIs, T69N, V75I, V118I, L210N, T215S, and K219E, and for NNRTIs, V90I, K101A, K103R, V106I, V179I, Y181I, Y188L, and G190A.
b wt, wild type; ND, not determined. a Viral isolates were serially passaged using increasing doses of drug combinations ZDV-3TC, TFV-ddI, TFV-ABC, TFV-3TC, or d4T-ddI. Genotypic analysis ascertained the time to the first appearance of resistance-associated mutations.
b wt, wild type; ND, not determined.
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amino acids, KKK, at these three key positions, as is the case in HIV-1. At the nucleotide level, all the HIV-2 subtype A isolates were identical to HIV-1 subtype B at the first two codons of the KKK motif, i.e., 64 (AAG) and 65 (AAA), but had a different sequence at codon 66 (AAG). In contrast, the HIV-2 subtype B isolate CDC310319 was similar to HIV-1 subtype C at the first two codons of KKK, i.e., 64 (AAA) and 65 (AAG), but had a different sequence at codon 66 (AGA), which codes for arginine, i.e., KKR. By analogy, the selection of the K65R mutation in HIV-2 should also occur by a single A-to-G transition. Based on this, we chose two HIV-2 isolates, one subtype A (CBL-20) and one subtype B (CDC310319), and performed drug selections using MT2 cells. In these experiments, we used drug combinations that are currently or are likely to be used in patients infected with HIV-2, i.e., TFV-FTC (Truvada), ZDV-3TC (Combivir), or TFV-3TC. Table 3 shows the results of the selection experiments for HIV-2 subtypes A and B in MT2 cells with single-drug regimens (ABC, TFV, ddI, 3TC, and FTC) as well as dual-drug combinations (TFV-3TC, TFV-FTC, and ZDV-3TC). The results show that ABC and FTC each selected for the M184I mutation in both HIV-2 subtypes A and B, while M184V was preferentially selected by 3TC. Neither TFV nor ddI selected for any mutations associated with resistance apart from a novel A138M mutation in virus CBL-20; the role of this mutation needs to be confirmed. When dual-drug combinations (TFV-3TC, TFV-FTC, and ZDV-3TC) were used, all HIV-2 viruses followed the M184I pathway, irrespective of subtype. Of note, the K65R mutation was never selected in HIV-2.
All experiments included control wells with no drug. Viral nucleic acid from such wells was also sequenced at different times and did not reveal the presence of any resistance mutations.
Absence of the K65R mutation as a minority species in HIV-2 selections. It is known that routine genotyping does not detect populations that are present at frequencies below 20% of the total viral population. In order to determine if the K65R mutation was present as a minority species, our AS-PCR assay was designed with three primer pairs, as described in Materials and Methods. Since our HIV-2 cultures did not develop the K65R mutation, we screened all culture supernatants at the end of the selection using our newly developed ultrasensitive assay. The results obtained using isolate CBL-20 with TFV and ABC are shown in Fig. 3a and show that K65R was absent, even after 30 weeks of culture under TFV pressure. Figure 3a also shows that the total virus population and wild-type curves overlapped, indicating the absence of K65R. The curve based on the K65R-specific primer should have appeared first if even a small percentage of K65R minority virus was present. Similar results were obtained with all other cultures (data not shown), indicating the absence of K65R even as a minority species. These results were further confirmed by HRM analysis as shown in Fig. 3b .
DISCUSSION
Recent findings suggest bidirectional antagonisms between K65R and TAMs in HIV-1 treatment-experienced patients (37) (38) (39) .
HIV-2 expresses several naturally occurring potential drug resistance polymorphisms in RT that might be implicated in emergent drug resistance. Some of these polymorphisms occur at sites that are associated with HIV-1 resistance to NRTIs (T69N, V75I, V118I, L210N, T215S, and K219E), while others are at positions that are implicated in HIV-1 resistance to NNRTIs (V90I, K101A, K103R, V106I, V179I, Y181I, Y188L, and G190A).
In previous studies, treatment-associated changes were shown to occur in the HIV-2 RT gene at sites corresponding to some of those that confer drug resistance in HIV-1 (1, 4, 43) . However, these changes could not be directly associated with a particular NRTI, since monotherapy is not an acceptable therapeutic option. In our study, we now show that different mutational pathways may be associated with resistance to different N(t)RTIs or combinations thereof.
Our study has shown that the selection of M184I is the preferred pathway for resistance in HIV-2 with NRTI combinations that include either 3TC or FTC. It is known that the M184V and M184I mutations can be selected both in vitro and in vivo in HIV-1 clinical isolates exposed to 3TC, FTC, or ABC (32, 45, 49, 50, 52) . Our study also shows that the time to the development of the M184I/V mutation in HIV-2 under 3TC pressure in vitro with CBMCs is as fast as 6 weeks.
M184V is also the mutation most commonly selected in HIV-2-treated patients receiving 3TC (22, 45, 50) .
Some naturally occurring potential drug resistance polymorphisms in HIV-2 compared to those in HIV-1 may confer baseline natural resistance to NRTIs, as has been seen in the case of ZDV (41) . This natural resistance has been attributed to sequence differences at positions similar to those implicated in HIV-1 resistance to ZDV and cross-resistance to all approved N(t)RTIs (7, 23) , i.e., L210W, T215Y/F, and K219Q/E. In HIV-2, the amino acid changes at these positions are L210N, T215S, and K219E. In our study, maximal RT values at day 7 in CBMC assays for HIV-2 with ZDV were consistently higher than those with HIV-1. In fact, the maximum ZDV concentration that could be attained for HIV-1 versus HIV-2 was 1.0 M and 10 M, respectively, after 30 weeks in culture, while the baseline 50% inhibitory concentrations for HIV-1 and HIV-2 were within the same range. It has been suggested that the mechanisms whereby resistance develops against ZDV are different for HIV-1 and HIV-2 and that diminished incorporation rather than selective excision may play a more important role in HIV-2 (3). They also showed that HIV-1 more readily incorporates ZDV and is more susceptible to ZDV than HIV-2. These findings are consistent with our results that far higher concentrations of ZDV are needed to durably suppress HIV-2 than HIV-1 replication.
Studies are ongoing to revert some of the polymorphisms in HIV-2 at positions 210, 215, and 219 to determine the effect that this will have on HIV-2 resistance and on the development of the K65R mutation in other selection experiments.
The baseline phenotypes of HIV-2 isolates are generally in the range of those of HIV-1, suggesting that some of the polymorphisms detected in the HIV-2 RT are secondary mutations. These findings underscore that HIV-2 and non-B subtypes of HIV-1 may show differential responses to NRTIs.
Our studies have shown that the facilitated development of K65R in HIV-1 subtype C compared to that in subtype B is due to a signature KKK motif at codons 64, 65, and 66 (5). We have recently shown that changing codons 64 and 65 in HIV-1 subtype B to those present in subtype C led to the rapid selection of the K65R mutation (unpublished data). We have also shown that HIV-2 subtype A and HIV-1 subtype B share the same nucleotides at amino acids 64/65, while HIV-2 subtype B and HIV-1 subtype C share a set of different nucleotides at this FIG. 3 . Absence of K65R as a minority species in culture supernatants. We tested HIV-2 growth under selection pressure in cells for the presence of the K65R mutation as a minority species using our novel AS-PCR assay as described. The amplification plots (a) and HRM analysis (b) show that K65R was absent even after 30 weeks of culture under TFV drug pressure. Panel a shows that the total virus population and wild-type curves appeared at the threshold level at the same time, indicating the absence of K65R. Similar results were obtained for other samples (data not shown). It is known that the appearance of the K65R mutation can preclude the development of TAMs and vice versa in HIV-1 (37) (38) (39) . Due to this strong antagonism, the coexistence of K65R and TAMs is rare. The strongest such antagonism seems to exist between K65R and T215Y (37), due to the K65R-mediated reduction of the TAM-related excision process induced by TAMs. Of note, HIV-2 has potential drug resistance polymorphisms at three TAM positions, 210, 215, and 219. However, it is unlikely that HIV-2 RT is similarly affected, since the latter does not apparently enact excision (3).
We were also unable to select for K65R in HIV-2 using CBMCs and MT2 cells, even with drug combinations (i.e., TFV-ABC, TFV-ddI, and d4T-ddI) that would usually select for this mutation with HIV-1. In regard to NRTIs, amino acids at six positions in wild-type HIV-2 are analogous to secondary or accessory drug resistance mutations in HIV-1 (69N, 75I, 118I, 210N, 215S, and 219E). These residues may predispose the virus to distinct evolutionary pathways in response to drug pressure.
We also wondered whether K65R may have been present in HIV-2 but at levels below the 20% that are detectable by routine genotyping (36) . Toward this end, we designed an ultrasensitive AS-PCR assay to reveal the presence of K65R and also introduced this mutation into a HIV-2 plasmid by site-directed mutagenesis. Our results showed that the AS-PCR assay was able to distinguish the presence of the K65R mutation from wild-type HIV-2 after 16 cycles of amplification, i.e., a 2 16 (65,536)-fold decrease in the efficiency of amplification of the incorrect target. Our assay possessed an estimated discriminatory ability of 0.1% for the detection of K65R in a population of wild-type viruses and also showed that the K65R mutation was absent in all culture supernatants at the end of the selection experiments. Thus, both conventional and ultrasensitive approaches have shown that the HIV-2 isolates studied did not select K65R.
Two clinical studies have reported a high frequency of K65R in HIV-2-infected patients receiving NRTIs (9, 11) . However, other studies reported that K65R was either rare (only one or two patients) (8, 22) or nonexistent in treated patients (43) . In vitro, K65R has rarely been described in HIV-2 and with different isolates than the ones we utilized (41).
Although we did not select for TAMs with HIV-1 subtype B using ZDV, unpublished and published data from many laboratories show that TAMs are preferentially selected when HIV-1 subtype B is put under ZDV selective pressure in cell culture (15) (16) (17) 21) . In a previous study, HIV-1 was shown to develop the 215Y mutation quickly under ZDV pressure, if the 215S polymorphism was present (41) . 215S is naturally present in HIV-2.
It is also important to recognize that the limitations of these investigations include low numbers of virus isolates in in vitro studies compared to what occurs in patients and also the limited time frame of the studies. Although in vitro selection cannot detect all possible mutations, this method has often been predictive of in vivo results. Our observations suggest that TAMs may not often occur in HIV-2 exposed to ZDV. However, pre-and post-ZDV exposure studies in patients infected by HIV-2 should be performed.
Further studies are now being carried out in which the polymorphisms at positions 210, 215, and 219 in HIV-2 are being reverted to wild-type codons found in HIV-1. These viral clones will then be used to evaluate the impact of these reversions on the resistance of HIV-2 to ZDV, and selection experiments will be carried out to determine the impact of these reversions on the selection of K65R in HIV-2.
In this study, we have also observed a novel mutational motif, involving S134A, A138M, and V167I, in some of the HIV-2 isolates selected under TFV drug pressure. Studies on this novel motif will be performed by site-directed mutagenesis to determine the potential clinical relevance.
